Rating Scale is used to characterize motor impairments and establish motor diagnosis. Little is known about the timing of diagnostic confidence level categories and the trajectory of motor impairments during the prodromal phase. Goals of this study were to estimate the timing of categories, model the prodromal trajectory of motor impairments, estimate the rate of motor impairment change by category, and provide required sample size estimates for a test of efficacy in clinical trials. In total, 1010 gene-expanded participants from the Neurobiological Predictors of Huntington's Disease (PREDICT-HD) trial were analyzed. Accelerated failure time models were used to predict the timing of categories. Linear mixed effects regression was used to model the longitudinal motor trajectories. Age and length of gene expansion were incorporated into all models. The timing of categories varied significantly by gene expansion, with faster progression associated with greater expansion. For the median expansion, the third diagnostic confidence level category was estimated to have a first occurrence 1.5 years before diagnosis, and the second and first categories were estimated to occur 6.75 years and 19.75 years before diagnosis, respectively. Motor impairments displayed a nonlinear prodromal course. The motor impairment rate of change increased as the diagnostic confidence level increased, with added acceleration for higher progression scores. Motor items can detect changes in motor impairments before diagnosis. Given a sufficiently high progression score, there is evidence that the diagnostic confidence level can be used for prodromal staging. Implications for Huntington's disease research and the planning of clinical trials of efficacy are discussed. V C 2013 International Parkinson and Movement Disorder Society
impairments, and endpoints for clinical trials focus mainly on motor signs. 3, 4 The main measure of motor impairments is the motor assessment section of the Unified Huntington's Disease Rating Scale (UHDRS), 5 which is administered by a trained examiner. The first part of the motor section consists of 31 items in 15 domains of motor impairment, each rated on a 5-point scale ranging from 0 (normal) to 4 (severest impairment). The motor items are distributed among oculomotor functioning (6 items) , chorea (7 items) , dystonia (5 items), bradykinesia (11 items) , and rigidity (2 items). 6 In many studies of HD, interest is in the sum of all 31 items, which is referred to as the total motor score (TMS). 2, [7] [8] [9] The second part of the motor assessment section consists of the diagnostic confidence level (DCL), which is a single item with a 5-category ordinal rating scale. The examiner selects a response to the question, "To what degree are you confident that this person meets the operational definition of the unequivocal presence of an otherwise unexplained extrapyramidal movement disorder (eg, chorea, dystonia, bradykinesia, rigidity) in a subject at risk for Huntington's disease?" The rating categories are 0 (normal; no abnormalities), 1 (nonspecific motor abnormalities; < 50% confidence), 2 (motor abnormalities that may be signs of HD; 50%-89% confidence), 3 (motor abnormalities that are likely signs of HD; 90%-98% confidence), and 4 (motor abnormalities that are unequivocal signs of HD; 99% confidence).
Despite widespread use of the DCL and the TMS, many questions remain regarding their ability to track progression, especially in the prodromal period of HD (ie, in the years before DCL 5 4) . The response format of the DCL suggests that the item can be used as a type of progression staging, but little is known about the timing of the occurrences of the categories. The trajectory of the TMS is well characterized for later stages of HD (ie, the years after first DCL 5 4) [10] [11] [12] [13] ; however, the nature of the prodromal TMS trajectory is unclear. There is also lack of information regarding the relation between the DCL and the TMS. For example, given a cross-section of progression, there is scarce information regarding what constitutes typical TMS levels for DCL categories. Furthermore, it is possible that individuals remain for a time within a DCL category, and it is of interest to examine how the TMS changes during this time.
The issues raised above can be addressed with longitudinal data that span the prodromal phase of HD. Such data are provided by the Neurobiological Predictors of Huntington's Disease (PREDICT-HD) study. 2, 14 Using the PREDICT-HD database, the current study had the following aims: First, examine the timing of DCL categories in progression. Second, examine change in motor impairment (TMS and the motor factors) from the prodromal period (DCL < 4) through the manifest period (DCL 5 4). Third, estimate typical mean levels of rates of annual change in motor impairments for DCL categories. Fourth, compute estimated required sample sizes for a hypothetical clinical trial of efficacy examining change in TMS. Age and CAG length are important factors in motor onset and are incorporated into the methods used to address the goals.
Participants and Methods

Participants
Participants were N 5 1010 individuals who voluntarily underwent genetic testing and were found to have a CAG repeat length > 36 (mean 5 42.35, median 5 42, minimum 5 37, maximum 5 62). A subset of N 5 21 participants were diagnosed at study entry. Another subset of N 5 204 "converters" received a diagnosis at some point after study entry.
Enrollment was at sites in the United States, Australia, the United Kingdom, Canada, Germany, and Spain. Institutional review boards at each participating site approved the study, and each participant signed an informed consent. At study enrollment, participants were required to be at least 18 years old. Exclusion criteria included history of a significant developmental cognitive disorder, other central nervous system disease or injury, evidence of an unstable medical or psychiatric illness (including substance abuse), a pacemaker or metallic implants, prescribed antipsychotic medication in the last 6 months, or phenothiazine derivative antiemetic medication in the last 3 months. For additional details, see Paulsen et al. 2 
Clinical Assessments
Participants underwent detailed motor, cognitive, psychiatric, and functional evaluations at baseline and annually thereafter. Participants had data for the TMS and DCL for at least one visit up to a maximum of 10 visits. There was a small amount of missing data (approximately 1%), consisting of unanswered TMS items, which were assigned a value of zero ("normal"). Preliminary analysis (not presented) indicated that missing values did not appear to cause outliers or other unexpected values. There were 88 motor examiners, and the mean number of examinations per examiner was 49.43 (standard deviation 5 61.99); and the quartiles (Q) were Q 1 5 2, Q 2 5 16, and Q 3 5 76. In addition, 60.83% of participants had the same rater throughout, 23.64% had two raters, and 15.53% had three or more raters. Findings did not change based on the number of raters or examinations. At study entry, the site coordinator responded to question 81 of the UHDRS: "Does the motor rater know the participant's gene status? (0 5 no, 1 5 yes)." Gene mutation status was reported as be known (UHDRS question 81 5 "yes") for 69% of participants. The findings did not vary based on blinding.
Statistical Methods
The first goal of estimating the timing of the DCL categories was addressed by using a Weibull accelerated failure time (AFT) model. 15 The same AFT model was used with four different events: first occurrence of DCL 5 1, 2, 3, or 4. The log time to each DCL category was predicted separately, with age as the time metric and with CAG and CAG-squared as the predictors. CAG-squared was included because of evidence that the relation between time of onset and CAG is nonlinear. 16, 17 The outcome for each participant was treated as left-censored, right-censored, or intervalcensored. The age at first occurrence for each category was the predicted value from the fitted model stratified by CAG, and the distance between the predicted values was computed for the different categories. The standard error of prediction was used to compute 95% confidence intervals (CIs).
The second aim of examining motor impairment trajectories was addressed using only the converters. For each converter, time in the study (in years) was anchored to the first occurrence of a DCL 5 4 (diagnosis). This was accomplished by subtracting the year at first occurrence from each year (zero indicated the time of diagnosis). The trajectory of the TMS and motor factors was estimated using cubic splines in linear mixed effects regression (LMER). 18, 19 The TMS and each motor factor were modeled separately. Time predictors were cubic splines with the quartiles of time as the knots, and a random effect was included for each spline term plus the intercept. Age and CAG were incorporated into the analysis using the age-CAG product (CAP) 20 as a predictor. The CAP is computed as CAP 5 (age at study entry) 3 (CAG 2 33.66) and is similar to the burden score reported by Penney et al. 21 The CAP is a purported index of the cumulative toxicity of mutant huntingtin at the time of study entry. For reference, CAP 368 denotes a "high" probability of converting in the near future after study entry, 290 < CAP < 368 denotes a "medium" probability, and CAP 290 denotes a "low" probability.
The third aim concerned estimating the level and slope of motor impairments for DCL categories. All gene-expanded participants were included, except for those with a baseline diagnosis (21 excluded patients). LMER was used again, with predictors being dummy variables for time-varying DCL categories and CAP. To help inform future clinical trials, the zero point of time was anchored to study entry, so that time represented years in the study. All possible interactions among CAP, the dummy variables, and time were included as predictors. Six correlated random effects were specified, one for each DCL category dummy variable and time. Because of the relevance for planning clinical trials of efficacy, emphasis was on the hypothesis test of zero slope. Efficacy trials require a detectible change in the untreated group to have the potential for demonstrating a treatment effect. Detectible change was defined as a slope significantly different from zero.
Finally, the required sample size for clinical trials of efficacy was computed based on LMER models. Single-arm sample size was computed for the test of equal TMS slopes for hypothetical placebo and treatment groups. Additional details are presented in the Appendix.
Results Table 1 provides demographic information for the larger sample and subsamples of converters and nonconverters. Converters had substantially higher mean CAP than non-converters.
The results of the DCL timing analysis are illustrated in Figure 1 , which depicts the predicted year before diagnosis of a DCL category (color-coded) as a function of CAG, with 95% CIs. Although the entire CAG distribution was used for the analysis, the quartiles of the gene-positive CAG distribution were used for graphing, which were Q 1 5 41, Q 2 5 42, and Q 3 5 44. The horizontal axis indicates the years to diagnosis, with diagnosis occurring at year zero (marked by a solid vertical line). CAG-squared was statistically significant in the prediction of all DCL categories, but its effect was greatest for DCL 5 4 (P < 0.001). For the median CAG 5 42, DCL 5 3 was predicted to occur 1.50 years before diagnosis (95% CI, 0.23-2.77), DCL 5 2 was predicted to occur 6.75 years before diagnosis (95% CI, 5.62-7.88), and DCL 5 1 was predicted to occur 19.74 years before diagnosis (95% CI, . Figure 1 reflects the significance of CAG on the timing of the categories. For CAG 5 41, the predicted occurrence of the categories was further from diagnosis. For CAG 5 44, the Values indicate the proportion of women. Abbreviations: SD, standard deviation; CAG, cytosine-adenine-guanine.
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predicted occurrence of the categories was closer to diagnosis, and the 95% CI for DCL 5 3 overlapped with DCL 5 4 (the vertical line at zero is contained in the CI).
Converter trajectories of motor impairments are indicated in Figure 2 . Individual empirical curves are the jagged gray lines, and the fitted spline curves stratified by CAP are the smooth colored lines. The data thinned over time because the study is ongoing, and many of the individuals depicted in the graphs do not yet have many follow-up visits. The data thinning is reflected in the decreasing acceleration at the extreme right-hand side of each graph. Intercept (starting level) varied significantly by CAP for all motor outcomes (all P < 0.001). The motor trajectories were not statistically different by CAP strata for chorea and rigidity, but they were significantly different for the remaining variables in Figure 2 Table 2 lists the LMER results from the analysis examining change in motor impairments by CAP and DCL category. The results are presented only for TMS, but the motor factors had similar patterns. The column headed "Slope" in Table 2 lists the estimated mean rate of annual change for the TMS (along with the standard error). The column headed "Mean TMS at year 2" lists the predicted mean TMS after 2 years in the study. The 2-year point corresponds with the power analysis discussed in the Appendix. Although the entire CAP distribution was used in the analysis, Table 2 shows results only for limited values, including the quartiles (Q 1 5 285, Q 2 5 350, and Q 3 5 400).
The rate of change was statistically greater than zero for DCL 5 3 or 4, regardless of CAP. CAP 5 290 was the minimum that produced slope significance for DCL 5 2 at the P < 0.05 level, and CAP 5 310 was the minimum for the P < 0.01 level. As indicated in the "Mean TMS at year 2" column, all mean estimates were statistically greater than zero at the P < 0.001 level. Table 3 indicates the estimated required sample size (in boldface) for a hypothetical 2-year clinical trial of efficacy with measurements every 6 months. The single-arm sizes are for testing the null hypothesis of equal TMS rate of change over time for placebo and treatment groups (see Appendix). Minimum CAP indicates sampling all available participants with CAP minimum CAP, and dropout refers to the rate in each group (see Appendix).
Discussion
The results of this analysis provide information concerning the timing of DCL categories in HD progression and the nature of change in motor impairments. There is evidence the DCL and the UHDRS motor items can detect changes in motor impairments during the HD prodromal period. Age and CAG repeat length were significant both for the timing of DCL categories and for change in motor impairments. Greater CAG length was associated with more rapid DCL progression, and higher CAP was associated with faster change in motor impairments.
Trajectories of motor impairments were characterized by nonlinear change in the prodromal phase (see Fig. 2 ). The more targeted analysis of TMS change while in the same DCL category provides an indication of how annual rates of change in motor impairments vary by DCL and CAP (see Table 2 ). There was no significant change associated with DCL 5 0 (normal) or DCL 5 1 (nonspecific motor abnormalities) regardless of CAP. DCL 5 2 (possible signs of HD; 50%-89% confidence) showed significance for a minimum CAP 5 290 or 300, depending on the desired level of significance. DCL 5 3 (likely signs of HD; 90%-98% confidence) and DCL 5 4 (unequivocal signs of HD; 99% confidence) showed significance regardless of CAP, suggesting that a clinical examination with corroborative history of HD may be a sufficient entry criterion.
The finding that motor impairment slopes increased with DCL provides evidence that the stage of disease is related to the rate of progression, even during prodromal HD. The pattern of progression for our results is consistent with a long-term slow build-up of impairments that ultimately gives rise to an accelerated trajectory of deterioration that varies by CAP (see Fig.  2 ). This pattern has been verified in other cohorts of HD patients. 5, 10, 11, 13, 22 For example, Mahant and 
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colleagues observed that motor impairments did not increase at a constant rate in their longitudinal study of diagnosed patients with early through late HD.
12
Individuals were stratified based on initial TMS, and it was found that the rate of yearly TMS change increased with initial TMS for ranges of values similar to those observed in our study (ie, TMS ʦ [0, 77] ). Similar results have been found using CAG length rather than TMS, [23] [24] [25] and there is evidence that other domains, such as cognitive impairments, also may change as a function of stage. 26 The results have implications for the classification of progression at study entry. In HD research, it is common to use DCL 5 4 as the definition of diagnosis or manifest HD. By complement, DCL < 4 defines the prodromal, pre-diagnosis, or pre-manifest phase. In some studies, a different DCL cutoff is used; for example, DCL < 2 for pre-manifest HD and DCL 2 for manifest HD. 27 In other studies, several values are used to define multiple groups, such as manifest (DCL 5 4), pre-manifest with abnormalities (DCL 5 2 or 3), and pre-manifest with minimal signs (DCL 5 0 or 1). 26, 28, 29 If the goal of classification is to distinguish individuals who are actively deteriorating from those who are not, then our results suggest that DCL 5 4 is assigned relatively late. Figure 2 and Table 2 provide evidence of active and meaningful motor decline for DCL 5 3 and perhaps even for DCL 5 2, provided the CAP is sufficiently large. Cutoffs for phases of activity might be DCL 2 versus DCL 3 when the entire CAP range is considered, or DCL 1 versus DCL 2 when CAP 290 is considered (see Table 2 ).
The findings have implications for the planning of clinical trials of efficacy, with the outcome variable being motor impairments and the TMS in particular. The slope results from Table 2 indicate a possible minimum CAP that might be considered should a researcher want to recruit patients with the greatest likelihood of active motor decline. Recruitment based on DCL might be problematic because of the unreliability of the rating at the individual level. In ancillary analysis (results not presented), we have observed that progression through the DCL categories is not necessarily monotonic, with some patients even dropping over time after an initial value of DCL 5 4. In contrast, the CAP can be highly reliable provided that age is accurately reported and CAG length is laboratory-verified. 20 Therefore, we recommend using CAP as the primary consideration in recruitment. Table 3 is a resource for planning clinical trials of efficacy if the CAP of recruits can be computed. Sample sizes are provided for comparing the rate of change (slope) of the treatment and placebo groups under various non-informative dropout scenarios. Graphical evidence (not presented) suggests that non-informative dropout is a reasonable assumption for the planning of a clinical trial based on the PREDICT-HD database. 30 Finally, the sensitivity to change of the TMS has been questioned for use with prodromal individuals. 31, 32 Our results indicate that the TMS is sensitive 
in the prodromal period in that it can detect statistically and substantively significant change.
Appendix
Required sample size for slope difference. Estimates of sample size required for a randomized clinical trial of efficacy were based on power formulas for LMER 33, 34 . Sample size was calculated for the endpoint of TMS rate of change (slope) over a 2 year study with observations every 6 months (baseline, 6, 12, 28, and 24 months) . The design was a two-arm Placebo (P) and Treatment (T) group study, and dropout was assumed to be non-informative (or ignorable). The evaluation of efficacy is defined as the test of the null hypothesis that the TMS rates of change in the P and T groups are equal. The null hypothesis can be evaluated based on parameter estimates in LMER.
Suppose Y ij is the TMS value for the ith participant (i 5 1, . . ., N) at the jth month (j 5 1, . . ., n i ), and t ij denotes time in months. Assuming linear change over time, the LMER model can be written as the following,
where g i is a dummy variable for group (g i 5 1 if the participant is in the T group, and 0 otherwise). In Equation A1 , the bs are the fixed effects, with b I being the P group intercept and b S being the P group slope; b DI is the difference in the intercepts among the groups, and b DS is the difference among the slopes. The bs are random effects, and e is random error. We make the typical assumptions, The LMER model of A1 can be written more generally as
where X i is the design matrix of the fixed effects, b is the vector of fixed effects, Z i is the design matrix of the random effects, b is the vector of random effects, and e i is the vector of random errors. In this context, X i for a person with no dropout has dimensions 5 3 4 with the first column being a vector of 1s, the second column a vector of time values (0, 6, 12, 18, 24) , the third column a vector of g i values, and the last column a vector of g i 3 time values. An individual is defined as a dropout if their row dimension is less than 5.
The required sample size for the Z-test depends on the variance of the responses,
2 e I i V i is 5 3 5 for no dropout, but has reduced dimension under dropout similar to X i . Suppose a is the type I error rate (set to 0.05 or 0.10), and 1 2 c is power (set to 0.80). Then the required sample size for a single arm (half the total sample size) is
where l refers to a specific dropout pattern, X kl is the design matrix for the kth group with the lth dropout pattern, and p kl is the proportion of participants with the lth missing pattern in the kth group, and the p kl sum to one among the dropout patterns within a group. The 4,4 subscript indicates the element in the 4 th row and 4 th column of the resulting matrix. When there is no dropout, p 11 5 p 21 5 1, and the right hand expression in the numerator is X
, where the subscripts 1 and 2 represent the P and T groups.
Three dropout scenarios were considered: no dropout (0%), 10%, and 20%. The values pertain to the percentage of participants who dropped out in each group, not the total missing data. Dropout was identical for the P and T groups (p 1l 5 p 2l 5 p l ), and the dropout proportions, p l , tapered to create a scenario in which dropout was slight very earlier in the hypothetical study, but increased over time. Five dropout patterns were considered, no dropout, missing last visit, missing last two visits, missing last three visit, and missing last four visits. Table  A1 shows the p l used for the three dropout conditions.
The variance components of Equation A2 can be estimated using the PREDICT-HD database. However, PREDICT-HD is not a treatment study and all geneexpanded patients are considered as members of the untreated placebo group in this context (not to be confused with gene-negative patients), with mean slope b S . The object of inference, b DS , can be estimated as the proportion reduction of the placebo group slope 
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under a hypothetical treatment, expressed as b DS 5wb S , where w is the proportion reduction in the placebo slope. Sample size was estimated for w 5 0. 30, 0.40, 0 .50, 0 .60, 0.70 . The last value, representing a 70% improvement by treatment, was the approximate percentage group difference in change over 12 weeks in a HD randomized clinical trial of tetrabenazine, 34, 35 which is one of the few studies to show statistically significant efficacy. 36 The range of effects is also consistent with clinical trials of other neurodegenerative diseases, such as Multiple Sclerosis.
37 Table 3 presents parameter estimate for b S , the unique elements of G (g 11 , g 12 , g 22 ), and r 2 e . These values can be used along with different design matrices, dropout proportions, etc., to provide estimates for a wide variety of clinical trial scenarios.
We assumed a single-tailed statistical test, 80% power, and a 2-year study with measurements taken at baseline and every half-year, t 5 0, 6, 12, 18, 24 
